Abstract. Metal-free stars are assumed to evolve at constant mass because of the very low stellar winds. This leads to large CO-core mass at the end of the evolution, so primordial stars with an initial mass between 25 and 85 M are expected to end as direct black holes, the explosion energy being too weak to remove the full envelope.
The first stars
Population III (Pop III) stars occupy a key position in the history of the Universe, as a link between the pure H-He Universe at the beginning of times, and the metal-rich one we observe nowadays around us. Their evolution is important, because during their life they form the first heavy elements, but their death is also important, because this is the moment at which the newly synthesised elements are released in the surrounding medium, starting the chemical enrichment of the Universe.
While the first studies on the star formation at Z = 0 concluded that only very massive objects could form (Bromm et al. 2002; Abel et al. 2002) , later findings show that the radiative feedback of the very first stars could lead to a second generation of metal-free stars with lower initial mass (Omukai and Yoshii 2003; O'Shea et al. 2005; Greif and Bromm 2006) . Could these stars contribute to the chemical enrichment of the Universe? The consensual picture is that most of them are directly swallowed by a black hole.
Evolution at Z = 0
Since they are deprived of metals, the massive Pop III stars cannot rely on the CNO cycle to sustain their gravity. The pp-chains are not very sensitive in temperature and cannot completely halt the initial collapse. The stars continue their contraction until the central temperature is high enough to allow some carbon to be produced through the 3α reaction.
As a consequence, the main sequence (MS) occurs at much higher central temperature (T c ) and density (ρ c ), as shown in Fig. 1 (left) . The great compactness implies that the 2 Ekström & al. zero-age main sequence (ZAMS) is shifted toward higher effective temperature (T eff ), as shown in Fig. 1 (right) . Without any metal, the envelope is transparent, so the stars remain in the blue side of the HR diagram throughout the whole MS.
The lack of metals has another consequence: the radiative winds are supposed to scale with the metallicity asṀ ∝ (Z/Z ) α with α = 0.5 (Kudritzki and Puls 2000; Nugis and Lamers 2000; Kudritzki 2002) or 0.7-0.8 (Vink et al. 2001; Vink and de Koter 2005; Mokiem et al. 2007 ). At Z = 0, we thus expect no radiative winds, and most Pop III models are computed with the hypothesis of constant mass. In fact, Kudritzki (2002) shows that very low-metallicity stars close to the Eddington limit L Edd = 4πcGM/κ (with κ the electron-scattering opacity and obvious meaning for the other quantities) are subject to a weak but non-null mass loss. Vink and de Koter (2005) show that there is a flattening in the metallicity dependence of the WR winds below Z ≈ 10 −3 . Also Smith and Owocki (2006) show that continuum-driven eruptive mass ejections can occur at any metallicity, even Z = 0, leading to strong mass loss episodes like those observed in luminous blue variables (LBVs).
Even if the mass loss is non null, it is weak anyway, so the Pop III stars end their life with a large helium core (M α ), as shown by Marigo et al. (2001) . In such a case, the expected fate of the stars can deviate from the usual "SN explosion with neutron star or black hole remnant" seen at higher metallicity. Heger et al. (2003) determine the fate of massive stars at various metallicities as a function of their M α at the pre-supernova (preSN) stage:
• a Type II SN:
Relating M α with the initial mass of the star in the case of Z = 0, this means that stars with a mass between 25 and 140 M or above 260 M will not contribute at all to the enrichment of the early Universe.
Could this picture be revised? . The x-axis is a temporal axis, divided in three parts: the fraction of the MS evolution, the fraction of the core He burning phase, and the fraction of the rest of the advanced phases.
3. Rotation effects Meynet et al. (2006) show that at low (but non-zero) metallicity, rotation drastically changes the evolution of massive stars. Two processes are involved:
(a) During the MS, because of the low radiative winds, the star loses very little mass and thus very little angular momentum. As the evolution proceeds, the stellar core contracts and spins up. If a coupling exists between the core and the envelope (i.e. meridional currents or magnetic fields), the surface may be accelerated up to the critical velocity and the star may experience a mechanical mass loss due to the centrifugal acceleration. The matter is launched into a decretion disc (Owocki 2005) , which may be dissipated later by the radiation field of the star.
(b) Rotation induces an internal mixing that depends on the gradient of the rotational rate Ω. After H exhaustion, the core contracts and the envelope expands, stretching the Ω-gradient. The mixing becomes strong and enriches the surface in heavy elements. Rotation also favours a redward evolution after the MS, allowing the star to spend more time in the cooler part of the HR diagram, where mass loss is increased. The outer convective zone dives deep inside the star and dredges up freshly synthesised heavy elements. The surface metallicity is dramatically enhanced (by a factor of 10 6 for a 60 M at Z ini = 10 −8 ). The opacity of the envelope is increased, and the radiative winds may thus be drastically enhanced. Meynet et al. (2006) show that at Z = 10 −8 , while a non-rotating 60 M model loses only 0.27 M , a similar model computed with an initial velocity υ ini = 800 km s −1 loses 36 M , i.e. 60 % of its initial mass. Now what happens if the metallicity is Z = 0 strictly? Ekström et al. (2008a) show that the first process (the mechanical mass loss during the MS) is slightly reduced because the meridional circulation is weak, so the star almost evolves in a regime of local angular momentum conservation Ω r 2 = const, and reaches the critical velocity late in its MS evolution. The second process (the enrichment of the surface) barely occurs at Z = 0. This can be explained by the fact that some He is burnt already during the MS: at H exhaustion, the star is hot enough to move on to core He burning without any structural readjustment, and the He burning occurs mainly in the Figure 3 . Pre-supernova structure of a Pop III 85 M model The light grey shaded area marks the border of the remnant, and the dark grey that of the CO core. Left: Ω profile. Right: specific angular momentum profile. j Schwarzschild = √ 12Gm/c (long-dashed line) and j max Kerr = Gm/c (short-dashed line) is the minimum specific angular momentum necessary for a non-rotating and a maximally-rotating black hole, respectively. jKerr (dotted line) is the minimum specific angular momentum necessary to form an accretion disc around a rotating black hole.
blue side of the HR diagram. The stretching of the Ω-gradient does not occur, and the outer convective zone, if any, remains thin. Most of the post-MS evolution occurs with a surface metallicity much lower than 10 −6 . As shown in Fig. 2 , most of the mass is lost during the MS, and it amounts at most to 10% of the initial mass.
Explosion
A direct consequence of the evolution close to the local angular momentum conservation is that the models keep a high angular momentum content in the core throughout their whole evolution. Figure 3 (left) shows that the angular velocity of the iron core of a 85 M model at the pre-supernova stage is more than 5 orders of magnitude higher than the surface velocity. On the right panel of the same figure, we see that in the innermost parts, the specific angular momentum of the same model is higher than that needed to create an accretion disc around a rotating BH.
According to Nomoto et al. (2003) , there are indications that the most energetic supernovae, the hypernovae (HN), could be due to stellar rotation. Rotation is supposed to boost the explosion energy of a collapsing star by various mechanisms:
• it drives an anisotropy of the neutrinos sphere (Shimizu et al. 2001; Kotake et al. 2003) ,
• it lowers the critical neutrinos luminosity (the luminosity at which the stalled shock revives) (Yamasaki and Yamada 2005) ,
• it modifies the gravity (Burrows et al. 2005 ),
• it changes the geometry of the mass accretion, making it aspherical (Burrows et al. 2005) ,
• it generates vortices, which dredge up heat and increase the neutrinos luminosity (Burrows et al. 2005 ). The models presented here are massive at the time of their death, they have heavy cores and they almost kept their entire envelope, but they have fast rotating iron cores, and therefore their final collapse could present a highly aspherical geometry. It would be extremely interesting to perform numerical simulations of the collapse of these rotating models so we could check whether the energy released in the collapse is sufficient to overcome the high gravitation of the star and drive a successful explosion. For the time being, we can only say that we expect rotating Pop III stars to undergo a stronger explosion than what is commonly admitted for non-rotating Pop III stars of this mass range.
Conclusions
The lack of metals affects strongly the stellar evolution at Z = 0. One of the main result is to reduce dramatically the radiative mass loss. This means that rotating stars will keep all their angular momentum until the end of their evolution. At the pre-supernova stage, they will present a fast-rotating iron core, so we expect the collapse to be highly aspherical. This may boost the explosion energy and allow a strong supernova explosion where only a weak one or none was expected.
Note that the inclusion of magnetic fields could alter these results by providing the core-envelope coupling which is lacking in Pop III stars. However, in that case, a strong mass loss would be expected (Ekström et al. 2008b) , so the evolution of the star would anyway be strongly affected with regard to the consensual picture.
